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High-quality b-(AlxGa1x)2O3 (x¼ 0–0.37) films were epitaxially grown on b-Ga2O3 (100)
substrates by oxygen-radical-assisted pulsed-laser deposition with repeating alternate ablation of
single crystals of b-Ga2O3 and a-Al2O3. The bandgap was tuned from 4.55 6 0.01 eV (x¼ 0) to
5.20 6 0.02 eV (x¼ 0.37), where bowing behavior was observed. The band alignment at the
b-(AlxGa1x)2O3/b-Ga2O3 interfaces was found to be type-I with conduction- and valence-band
offsets of 0.52 6 0.08 eV (0.37 6 0.08 eV) and 0.13 6 0.07 eV (0.02 6 0.07 eV) for x¼ 0.37 (0.27),
respectively. The large conduction-band offsets are ascribed to the dominant contribution of the
cation-site substitution to the conduction band. Published by AIP Publishing.
https://doi.org/10.1063/1.5027005
b-Ga2O3 is a wide-gap semiconductor attracting growing
interest in recent years. b-Ga2O3 has a b-gallia structure, which
is the most stable phase in polymorphs of a-, b-, c-, d-, and e-
phases.1 Owing to its wide bandgap (Eg¼ 4.4–4.6 eV),2,3 the
breakdown electric field is expected to be as high as 8 MV/cm,
which leads to substantially large Baliga’s figure of merit over
4H-SiC and GaN.4 The electron concentration (n) can be regu-
lated in a range from 1016 to 1019 cm3 by introducing oxygen
vacancy and/or substituting Ga sites with Si, Ge, or Sn,5–9
while highly insulating properties are realized by substituting
with Fe.10 Moreover, large and high-quality single crystals can
be synthesized by melt growth methods such as the floating-
zone, Czochralski, vertical Bridgman, and edge-defined film-
fed growth, which are usable for practical applications.11–14
These advantages are promising for power device applications
such as high-power Schottky barrier diodes15 and field-effect
transistors (FETs).16,17
The Eg of b-Ga2O3 can be tuned in solid solutions, such
as b-(AlxGa1x)2O3, enabling preparation of ideal potential
barriers in a heterojunction field-effect transistor (HFET).
The solubility limit of Al2O3 in the b-phase solid solution is
reported to be x 0.7, corresponding to Eg as wide as
6.1 eV.18 The demonstration of electron accumulation at b-
(AlxGa1x)2O3/b-Ga2O3 interfaces
19 and transistor operations
in modulation-doped b-(AlxGa1x)2O3/b-Ga2O3 FETs have
been attempted.9,20 Therefore, two-dimensional electron gas
(2DEG) at the interface can be in principle realized to achieve
high-mobility and high-frequency operation of HFETs.
Band offsets, namely, energy discontinuities of
conduction-band minima (DEC) and valence-band maxima
(DEV) between semiconductors and adjacent layers, are one of
the most important parameters for designing heterojunction
devices. In b-Ga2O3 based heterojunctions, there are several
reports on the band offsets between insulating oxides/b-Ga2O3:
DEC¼ 1.9 eV and DEV¼ 0.5 eV at c-Al2O3/b-Ga2O3 and
DEC¼ 3.1 eV and DEV¼ 1.0 eV at SiO2/b-Ga2O3.3,21 On the
other hand, the experimental determination of band offsets at
the b-(AlxGa1x)2O3/b-Ga2O3 interface has not been reported
yet. For determination of band offsets, electron spectroscopies
such as reflection electron energy loss spectroscopy (REELS)
and X-ray photoemission spectroscopy (XPS) are used com-
monly,3,21,22 where the band alignment is determined from Eg
and core levels of each material and/or their interface. This
method is particularly suitable to insulating samples such as c-
Al2O3, SiO2, and undoped b-(AlxGa1x)2O3 grown on b-
Ga2O3.
In this letter, we study b-(AlxGa1x)2O3 films grown on
b-Ga2O3 (100) substrates to determine the band alignments
from REELS and XPS measurements. Higher crystallinity
and flatness of b-(AlxGa1x)2O3 (x¼ 0–0.37) films were real-
ized using the repeating alternate target ablation technique
in oxygen-radical-assisted pulsed-laser deposition (PLD).
Eg increased from 4.55 6 0.01 (x¼ 0) to 5.20 6 0.02 eV
(x¼ 0.37), and Eg as a function of x indicates the bowing
behavior. Moreover, type-I band alignment with consider-
ably large DEC/DEV (4.0 at x¼ 0.37) was found.
b-Ga2O3 and b-(AlxGa1x)2O3 films were grown on
n-type b-Ga2O3 (100) substrates (Tamura Corp.) by oxygen-
radical-assisted PLD.23 The size and thickness of the sub-
strates were 5 10 mm2 and 650 mm, respectively. The target
materials used in this study were either single crystals of
b-Ga2O3 and a-Al2O3 or a sintered (Al0.2Ga0.8)2O3 tablet.
Focused KrF excimer laser pulses (10 Hz and 0.5 J cm2)
were introduced to the targets placed 5 cm away from the
substrate surface. The growth temperature (Tg) was set at
500 C (temperature of the SiC plate measured through the
substrates using a pyrometer). The oxygen radicals were sup-
plied from a RF plasma cell operated at 100 W with feedinga)Electronic mail: wakabayashi.r.aa@m.titech.ac.jp
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0.50 sccm O2 gas (6N purity), corresponding to a constant
pressure of 5 105 Torr in a vacuum chamber. All the
b-(AlxGa1x)2O3 films were insulating.
The film thickness of b-Ga2O3 and b-(AlxGa1x)2O3
films was measured using a stylus profiler and X-ray reflec-
tivity, respectively. The surface morphology was observed by
scanning electron microscopy (SEM) and tapping mode
atomic force microscopy (AFM). The epitaxial structure and
crystallinity were investigated by X-ray diffraction (XRD)
(Rigaku, SmartLab) with Cu Ka1 radiation (k ¼ 1.540562 Å).
The incident Cu Ka1 X-ray was monochromatized by the
Ge (220) 2-bounce monochromator. The composition of
b-(AlxGa1x)2O3 films was determined by Auger electron
spectroscopy (AES), where (Al0.40Ga0.60)2O3 ceramics were
used as a standard for calibration of the signal ratio of Al to
Ga. REELS and XPS measurements were carried out at room
temperature. The Eg values were estimated by REELS with
an incident electron energy of 1 keV. XPS were performed
using a VG-Scienta R3000 analyzer with a monochromatized
Al Ka X-ray source (1486.6 eV), where the total energy reso-
lution was 400 meV. C 1s core levels of the surface adsorbate
(284.8 eV) were used to calibrate the binding energy.
We employed the repeating alternate target ablation
technique for the growth of high-quality b-(AlxGa1x)2O3
films. In this technique, two targets, single crystals of
b-Ga2O3 and a-Al2O3, were alternately ablated to deposit
fractional monolayers within single cycles. Repeating a num-
ber of cycles with different ratios of numbers of laser pulses
impinging each target, solid-solution films with various
compositions were prepared.24,25 In addition, the use of
high-purity single crystals enabled us to grow high-purity b-
(AlxGa1x)2O3 films. Figure 1 shows the out-of-plane XRD
patterns and SEM images of 50-nm-thick b-(AlxGa1x)2O3
(x  0.2) films grown with conventional laser ablation [contin-
uous target ablation of sintered (Al0.2Ga0.8)2O3] and the repeat-
ing alternate target ablation technique. Only b-(AlxGa1x)2O3
h00 reflections were observed for both films, indicating single-
phase (100)-oriented films. The conventional laser ablation
resulted in formation of dense and granular protrusions on the
surface as observed in the SEM image [inset of Fig. 1(a)]. The
protrusion density was found to increase when higher-x targets
were used, while such a dense protrusion was not observed at
all when single-crystal targets were used (not shown). These
facts suggest that the sintered materials are the origin of pro-
trusion formation, presumably arising from direct ejection of
grains from the porous surface of the sintered targets.26 In
contrast, when the repeating alternate target ablation tech-
nique was employed, the clear Laue fringes were observed in
the out-of-plane XRD pattern, indicating the sharp interface
and the flat surface. Moreover, the protrusion formation was
drastically suppressed [inset of Fig. 1(b)]. The full-width at
half-maximum of the x rocking curve (Dx) for the b-
(AlxGa1x)2O3 600 reflection grown with continuous and
alternative laser ablation was 367 and 295 arc sec, respec-
tively. The root mean square (RMS) roughness of an area of
5 5 mm2 in AFM was 0.5 and 0.2 nm for the films grown
with continuous and alternative laser ablation, respectively.
See supplementary material of the AFM images (Fig. S1).
The roughness of b-(AlxGa1x)2O3 films would affect data
accuracy of surface-sensitive spectroscopies, and it would be
increasingly difficult to access the electronic states intrinsic
to the interface if dense protrusions exist. The use of single
crystalline targets with the repeating alternate target ablation
technique, therefore, is essential to prepare ideal samples for
the investigation with the electron spectroscopies. For the
above reasons, subsequent b-(AlxGa1x)2O3 films were
grown with the repeating alternate target ablation technique.
b-(AlxGa1x)2O3 films with various Al contents were
grown by the same technique. The RMS roughness of the
films was found to be constant around 0.2 nm. Figure 2(a)
shows the out-of-plane XRD patterns of 50-nm-thick b-
(AlxGa1x)2O3 films. The peaks for the films were assigned
to be the 400, 600, and 800 reflections of b-(AlxGa1x)2O3.
The Dx of the films with x¼ 0.08, 0.19, 0.28, and 0.37 was
324, 295, 544, and 713 arc sec, respectively. The increase in
Dx with x can be attributed to increasing lattice mismatch.
Figure 2(b) shows the reciprocal space map around the
912 reflection of the b-(Al0.28Ga0.72)2O3 film on the b-Ga2O3
(100) substrate. The reflections from the film and substrate
were observed at nearly identical Qx and that from the film
was not located at reciprocal vectors estimated from lattice
parameters of bulk.18 This analysis indicates that the b-
(Al0.28Ga0.72)2O3 film is under tensile strain. It should be
FIG. 1. Out-of-plane XRD patterns for the 50-nm-thick b-(Al0.2Ga0.8)2O3
films grown by (a) continuous laser ablation of a sintered (Al0.2Ga0.8)2O3
tablet and (b) repeating alternative laser ablation of b-Ga2O3 and a-Al2O3
single crystals. The reflections labeled by the asterisk (*) come from b-
Ga2O3 (100) substrates. The insets show SEM images of the same samples.
FIG. 2. (a) Out-of-plane XRD patterns for 50-nm-thick b-(AlxGa1x)2O3
films (x¼ 0.08, 0.19, 0.28, and 0.37). The reflections labeled by the asterisks
(*) come from b-Ga2O3 (100) substrates. (b) Reciprocal space map around
912 reflection of the b-(Al0.28Ga0.72)2O3 film. Reciprocal vectors of QX and
QZ correspond to real-space vectors normal to (012) and (100) planes,
respectively. The crossing bar indicates the position of b-(AlxGa1x)2O3 912
reflection, estimated from lattice parameters of bulk. The dashed line inter-
sects the origin and 912 reflection from the substrate.
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noted that the film reflection has a tail toward the position of
bulk, implying the upper bound of the Al content for coherent
epitaxy of the 50-nm-thick film. Indeed, for the higher-x b-
(Al0.37Ga0.63)2O3 film, the h00 peak positions (h¼ 4, 6, and 8)
in the out-of-plane XRD pattern [Fig. 2(a)] considerably
shifted to a lower angle side. This shift indicated the lattice
relaxation of the b-(Al0.37Ga0.63)2O3 film from the substrate.
Next, we investigated the band structures of b-
(AlxGa1x)2O3 films. Figure 3(a) shows the REELS spectra
of the b-(AlxGa1x)2O3 films. All the loss spectra clearly
indicated linear slope regions, which gradually shifted to
higher loss energy with the increasing Al content. The Eg
values were defined to be loss energy at intercepts between
linear fits to flat and slope regions (see the inset). Figure 3(b)
shows the obtained Eg as a function of the Al content. The
Eg of the b-(AlxGa1x)2O3 films systematically increased
from 4.55 6 0.01 eV (x¼ 0) to 5.20 6 0.02 eV (x¼ 0.37).
It is notable that our analysis captures a bowing behav-
ior. Krueger reported a linear x-dependence of Eg for b-
(AlxGa1x)2O3, as expressed by 4.75þ 1.87x.18 Their data
are based on XPS analyses for polycrystalline samples and
thus can be considered as an averaged standard. Compared
with those in a range of x¼ 0–0.37 (Eg¼ 4.75–5.44 eV), Eg
we estimated is considerably narrower, which can be
ascribed not only to the bowing but also a number of factors.
First, the variation of Eg intrinsic to the b-gallia structure
(C2/m) depends on the measurement technique and geome-
try. Our REELS data were taken for the (100) plane with a
detection angle set to 30 off from the surface normal. In
this geometry, the spectra reflect an anisotropic band profile
but neither just average nor specific to a basal plane.2
Second, the effect of stain on modulation of the band struc-
ture should be considered because we observed tensile strain
in the plane and its relaxation tendency with increasing x, as
described already. The residual compressive strain along the
out-of-plane may give rise to narrowing Eg, which would
lead to the observed bowing behavior. In this vein, our origi-
nal data are useful for b-Ga2O3 based (100) heterojunctions.
We determined the band alignment at the b-
(AlxGa1x)2O3/b-Ga2O3 interface by a standard procedure
using XPS.3,22 We prepared three kinds of samples to sup-
pose actual b-Ga2O3-based device structures: (a) 170-nm-
thick b-Ga2O3 homoepitaxial film, (b) 50-nm-thick b-
(AlxGa1x)2O3 films grown on b-Ga2O3 substrates, and (c)
2-nm-thick b-Ga2O3 films grown on (b). Photoemission
spectra independently obtained from the samples were ana-
lyzed as follows: The peak positions of Al 2p and Ga 3p3=2
core levels were determined by fitting using a Gaussian func-
tion, while energy levels of valence-band maximum (VBM)
were estimated by the linear extrapolation of the edge. The
errors of core levels and VBM were less than 10 meV and
50 meV, respectively. The obtained binding energies are
summarized in Table I. We extracted discontinuities of





















where EGa2O3Ga 3p3=2 and E
Ga2O3
VBM are the peak positions of the
Ga 3p3=2 core level and VBM for b-Ga2O3, respectively,
E
AlxGa1xð Þ2O3
Al 2p and E
AlxGa1xð Þ2O3
VBM are the peak positions of Al 2p
core levels and VBM for b-(AlxGa1x)2O3, respectively,
EInterfaceGa 3p3=2 and E
Interface
Al 2p are the peak positions of Ga 3p3=2 and Al
2p core levels at the interface, respectively, and E
AlxGa1xð Þ2O3
g
and EGa2O3g are Eg of b-(AlxGa1x)2O3 and b-Ga2O3 deter-
mined from the REELS measurement, respectively. The
sample (c) was designed by taking the escape depth of photo-
electrons under our measurement condition into account, so
that the Ga 3p3/2 and Al 2p peaks could be identified as those
from the top b-Ga2O3 film and buried b-(AlxGa1x)2O3 film,
respectively. See supplementary material for details (Fig. S2).
In this geometry, the top b-Ga2O3 film is under constraint of
strain, and our analysis also requires the Ga 3p3/2 peak from
the unstrained sample (a). Therefore, any effect arising from
strain would be involved for determination of the band align-
ment. We tentatively assumed the identical electronic structure
for b-Ga2O3 films between samples (a) and (c).
Having established the values of DEC and DEV, we illus-
trated the band alignment at the b-(AlxGa1x)2O3/b-Ga2O3
interface (Fig. 4). The DEC and DEV values of x¼ 0.37
(x¼ 0.27) were 0.52 6 0.08 eV (0.37 6 0.08 eV) and
FIG. 3. (a) REELS spectra near onsets of loss spectra for b-(AlxGa1x)2O3
films [x¼ 0, 0.08, 0.19, 0.27, and 0.37 (from left to right)]. The intercepts of
dashed lines correspond to Eg. The inset shows the wide-range REELS spec-
tra. The zero-loss peaks are set to 0 eV for all samples. (b) Al content (x)
dependence of Eg estimated from the REELS spectra. Error bars represent
the standard errors for a number of measurements.
TABLE I. The summary of the Al content, Eg, and energy differences of core levels estimated from AES, REELS, and XPS, respectively.
Al content Eg (eV) E
Ga2O3
Ga 3p3=2
 EGa2O3VBM (eV) E
AlxGa1xð Þ2O3





 EInterfaceAl 2p (eV)
0 4.55 6 0.01 102.14 6 0.05
0.27 4.94 6 0.03 70.90 6 0.05 31.22 6 0.01
0.37 5.20 6 0.02 70.88 6 0.05 31.13 6 0.01
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0.13 6 0.07 eV (0.02 6 0.07 eV), respectively. Note that the
errors were defined as the root-mean-square errors, where
the errors estimated in XPS and REELS measurements were
included (see Table I). This band alignment can be character-
ized as type-I within the limit of accuracy in each electron
spectroscopy. Moreover, substantially large DEC is experi-
mentally identified, which provides valuable information for
designing heterojunction devices.
As shown in Fig. 4, DEC predominantly increases with
alloying Al2O3, while DEV almost remains intact, which is
different from Al/Ga based III-V compound semiconductors
[i.e., DEC:DEV¼ 65:35 of (Al,Ga)As/GaAs and DEC:DEV
¼ 2:1 of (Al,Ga)N/GaN systems].27,28 This difference arises
from different nature of chemical bonding. Compared to
arsenides and nitrides, oxides have strong ionic bonding. In
the case of b-(AlxGa1x)2O3, conduction and valence bands
are composed mostly of Al/Ga s and O 2p states, respec-
tively, as estimated from first-principles calculations and indi-
cated in a-phase systems.29,30 Therefore, contribution of the
cation-site substitution dominantly appears in the conduction
band. Large DEC is the advantage for the formation of 2DEG
and HFET operations, enabling refinement of modulation
doping structures as demonstrated in (Al,Ga)As and
(Al,Ga)N systems.27,31–33
In conclusion, we fabricated high quality b-(AlxGa1x)2O3
films on b-Ga2O3 (100) substrates by using PLD and revealed
the band alignment at b-(AlxGa1x)2O3/b-Ga2O3 interfaces
with using REELS and XPS. The crystallinity and surface flat-
ness of the films was substantially improved using the repeating
alternate target ablation technique. Eg as a function of the Al
content indicated the bowing behavior. The band alignment of
the present system was found to be type-I, where the DEC and
DEV values of x¼ 0.37 (x¼ 0.27) were 0.52 6 0.08 eV
(0.37 6 0.08 eV) and 0.13 6 0.07 eV (0.02 6 0.07 eV), respec-
tively. Our study provides a better understanding of how the
b-(AlxGa1x)2O3/b-Ga2O3 heterojunction is designed and fabri-
cated for device applications.
See supplementary material for AFM images of the b-
Ga2O3 substrate and b-(AlxGa1x)2O3 films and XPS spectra
for determining the band alignment at the b-(AlxGa1x)2O3/
b-Ga2O3 interfaces.
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